UNITED STATES DEPARTMENT OF THE INTERIOR, J. A. Kruc; Secretary
FISH AND WILDLIFE SERVICE, Arsert M. Day, Director

EFFECT OF DIFFERENT CONCENTRATIONS
OF MICRO-ORGANISMS ON THE FEEDING
OF OYSTERS (0. VIRGINICA)

By V. L. Loosavorr anp James B. EncLe

Fishery Bulletin 42
From Fishery Bulletin of the Fish and Wildlife Service

VOLUME 51

UNITED STATES GOVERNMENT PRINTING OFFICE - WASHINGTON : 1947

For sale by the Sl-xperintendent of Documents, U. S, Government Printing Office, Washington 25, D. C. Price 20 cents




ABSTRACT

These studies were conducted to learn what effect different concentrations of micro-
organisms in sea water may have on the feeding activities of oysters. The micro-or-
ganisms were those which are considered as oyster food. Of these, Chlorella sp.,
Nitzschia closterium and Euglena viridis were most often used. It was found that
heavy concentrations of micro-organisms interfered with the feeding of oysters by
reducing the rate at which the oysters filtered the water through their gills. The
type of shell movement was usually changed when the oysters were kept in water
rich in micro-organisms. In very heavy concentrations pumping, and therefore feed-.
ing, ceased entirely. A correlation between the density of micro-organisms and the
rate of feeding was often noticed. In light concentrations the rate of feeding and
shell movements of the oysters remained normal and sometimes the presence of
small quantities of plankion in sea water stimulated the pumping activities. ]

The size of the micro-organisms was found important hecause a much larger num-
ber of small cells, such as Chlorelle, was needed to produce the same effect as caused
by a smaller number of larger cells. - Both the cells of the micro-organisms and the
products which they released in the water affected the oysters. The cells interfered
with the normal function of the gills, while the products which they released con-
tained substances inhibiting the oysters.

The quantities of pseudo feces were -usually roughly proportional to the quantities
of food cells present in the water, whereas a reverse relationship existed in the for-
mation of true feces. The presence of large quantities of pseudo feces usually indi-
cated that feeding proceeded under the unfavorable condition caused by a heavy
concentration of food cells in the water. .

The resulis of the experiments showed that oysters feed efficiently only if the
water contains small quantities of suspended matter. Oysters can also feed in water
containing a relatively large number of micro-organisms, but under such conditions
the rate of feeding is decreased.
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Since the middle of the last century, when cul-
tivation of oysters becwine widely practiced in
Europe and in this country, many interesting prob-
lems on the ecology and physiology of these mol-
Tusks have attracted the attention and efforts of
biologists. The questions which from the very
beginning aroused widespread interest were those
dealing with the food and feeding of oysters. Nu-
merous articles, discussions, and reviews of litera-
ture on these subjects have been since offered by
many workers.?

Regardless of extensive studies there still re-
main several nnsolved basic problems on the feed-
ing of oysters. Of these, the one which deals with
the relative efficiency of oysters feeding in clear or

“turbid water caused a strong controversy,.but no
conclusive evidence has been presented so far to
uphold any of the theories advanced.® "Also, in
referring to turbidity of water it was not made
clear whethel it was due to the presence of rich
plunkton or to suspended particles of detritus and
silt. Neither were any critical experiments made
to determine whether there may be a correlation
hetween the density of plankton population and
the quantities of water pumped by the oysters. To
clarify at least certain aspects of this complex
problem we made a study of the effects of different
concentration of micro-organisms upon the rate
of pumping and, therefore, feeding of oysters and
on the shell movements of these mollusks. While
this will remain the chief theme, certain related

problems will also be included in the scope of our
discussion.
The oyster obtains its food by straining water
through its gills and retaining the food particles,
which are l.lter directed tows u'd the mouth. Thus,
in addition to the respiratory and excretory func-
tions the gills of the oysters also play a very im-
portant part in feeding. The complex structure
and the functions of the oyster gills have been well
described hy a number of investigators.* Anoyster
can feed only if its shells are open and the entrance
to the branchial cavity is not obstructed by the
edges of the mantle. The rate at which the water
passes thr ough the oyster is controlled by the beat
h'equem,y of the lateral cilia of the gills, by the
expansion and contraction of the gill ostia, the
position of the edges of the mantle, and by the
activity of the-adductor muscle. The lateral cilia,
which form rows along the filaments of the gills,
propel the water into the passages of the gill
lamellae. The water is then. passed throngh the
supra-branchial chambers and finally reaches the
cloacal or promyal chamber from which it is dis-.

1 Approved for publlcation November 7, 1946. IFishery Bulle-
tin 42,

* Martin 1923 ; Churchill and Lewis 1924 ; Savage 1925 : Yonge
1926 ; Nelson 1938.

3 Kellogg 1915 ; Grave 1916,

1 Kellogg 1915 ; Yonge 1926 ; Nelson 1938,

NoTE.—We wish to express our thanks to Miss Frances Tom-
nmiers and Messrs, William Arcisz and Charles Nomejko for their
(lSSlfst'lllC(‘ during these studies and fcu aunalysis of the cxperi-
meutal data.
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charged. The quantity of water leaving the oyster
can be measured by the method described in this
paper, thus the rate of pumping and, therefore,
feeding can be easily estimated. -

BlOlOO‘IStS disagree about the effect of different
quantltles of material suspended in water upon
the efficiency of feeding of oysters and relatec
species. Kellogg (1915), after extensive studies
of the arrangement and movements of the cilia of
the gills, palps, and mantle cavities of a large
number of lamellibranchs, concluded that these
animals are able to feed only when the water is
comparatively clear. He wrote, “It is my belief,
after a good many years of observation, that lamel-
libr anchs are able to feed only when the surround-
ing water is relatlvely free from solid particles;
just how free, in a given case, I am not able to
say, and the difficulties in determining the matter
are great if not insurmountable.” Kellogg con-
cluded that the volume of food organisms and
other particles suspended in the water determines
whether the “collected foreign matter that reaches
the palps shall proceed to the mouth or be removed
from the palps.” Grave (1916), on the other hand,
disagreed with Kellogg’s conclusions offering evi-
dence that some food was found in the stomachs
of oysters that were kept in very turbid water.
Nelson (1921), Churchill and Lewis (1924), and
later Yonge (1926) upheld Grave’s opinion.

Yonge (1936) in his paper on the evolution of
the swimming habits of lamellibranchs suggested
that oysters evolved from ancestors that lived in

very clear water and that the descent of some .

forms of lamellibranchs into more turbid waters
was made possible by the evolutionary develop-
ment of a more efficient cleansing mechanism in-
volving not only the gills, palps, and mantle, but
also the adductor and velum. He thinks that the
possession of such efficient mechanisms made it
possible for 0. virginica and 0. angulata to extend
into muddier waters than 0. edulis. Elsey (1985)
found that 0. gigas withstands existence in turbid
water much better than 0. lurida, which closely
resembles O. edulis.

Dodgson (1928) working in Enrrhnd with
Mytilus edulis also arrived at a conclusmn directly
opposite to that of Kellogg (1915). ' He. main-
tained that mussels will feed and pass true feces
when immersed in water so turbid that the ani-
mals are invisible at the depth of 2 to 8 inches.
Fox, Sverdrup, and Cunningham (1937) in study-

ing the rate of pumping by the California mussel,
M. californianus, found that this animal also was
capable of swallowing large amounts of calcareous
mud from water containing a very heavy suspen-
sion of this material.

Churchill and Lewis (1924) studying very
young fresh-water mussels, Zampsilis luteola, also
noted that they could ingest particles of food and
debris even when kept in very muddy water.
These investigators think that mussels can and do
feed when the water is heavily loaded with sus-
pended material. More recently, however, Ellis
(1936) showed that fresh-water mussels are at a
distinet disadvantage if exposed to silt-laden
waters. In his experiments, mussels retained in
silt-free water kept their shells closed less than 50
percent of the time, while those in turbid water
remained closed from 75 to 95 percent of the time.

The question of whether or not oysters and other

Jlamellibranchs exercise selective power in ingest-
_ing plankton and small particles of detritus, or

silt, is also a subject of controversy. Kellogg
(1915) was one of the first to point out that these
mollusks ingest small particles, regardless of their
food value. Yonge (1923), Churchill and Lewis
(1924), and Nelson (1924) expressed opinions
which, in general, support Kellogg’s contention.
In the latter paper on this sub]ect Yonge (1926)
states that “Nothing but a purely mechanical or
quantitative selection has been found in the
oysters.” In the same article Yonge says, how-
ever, that some lamellibranchs, such as Syndos-
mya, Tellina, or Gari, may exercise a certain quali-
tative selection of their food. Some protobranchs
may do the same. Yonge points out, howeyer, that
in both cases such a qualitative selection, if occur-
ring, takes place outside the mantle cavity.

The opposing theory, namely, that oysters and
mussels possess the ability to select those particles
which have definite food value, was advanced by
Lotsy (1895), Allen (1914), and especially by
Grave (1916), who maintained that oysters exer-
cise a considerable choice in food material by re-
versing the direction of the beating of certain
groups of cilia of the palps.

MATERIALS AND METHODS

The animal used in our work was the common
American oyster, Ostrea virginica, of Long Island
Sound. Only healthy individuals, varying from
4 to 6 years of age, were selected.
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. 'The micro-organisms, the effect of which we have
studied, were (a) a green alga—Chlorella sp.; (b)
a diatom—AWNitzselia closterivan; (c) a dinoflagel-
late—Prorocentrum triangulatum; and (d) a
euglenoid—ZEAuglena viridis (Loosanoff and Engle,
1942, 1944).5 The forms selected were representa-
tive of four very large groups of organisms, which
are regarded as constituting the bulk of the oyster
food. Furthermore, each of the above-mentioned
organisms had been considered by at least one
author as playing an important part in the oyster
diet. For example, Martin (1928) used Chlorella
and Nitzschie in his experiments on the feeding
of oysters, regarding them as very important
sources .of oyster food. He (Martin 1929) also
found that Provocentrum triengulatum is ex-
tremely common in Barnegat Bay, Delaware Bay,
and Chesapeake Bay, where it is sometimes the
most abundant organism in the stomach of the
oyster. In still another article Martin (1927)
stated that Euglene is digested by oysters.

The size of the forms used in our experiments
varied from 5 microns (Chlorelle sp.), to 60 mi-
crons (Euglena viridis). This difference helped
to-judge whether or not the size of the food organ-
isms may have a certain effect, or effects, on the
rate of pumping.

A method of cultivating micro-organisms, which
we recently developed (Loosanoff and Engle
1942a), permitted us to grow the large quantities
of plankton necessary for these studies. In some
of our experiments as much as 100 gallons of
culture were used daily. Because of the large
quantities of food material needed it was impossi-
ble to keep the cultures quite bacteria-free, or even
single-specied. Nevertheless, after some experi-
ence, we found it comparatively easy to grow mass
cultures which were composed of practically one
species.

We determined the number of organisms in the
cultures with the Yoe photoelectric colorimeter.
A detailed description of this apparatus and its
uses was given by its designers® and, therefore,
need not be repeated here. It will suffice to say
that since in our determinations micro cells of 5.0
cc. capacity were used, the reading of the blank on
the microammeter was set, as recommended by the
designers, on the 25 mark instead of the 50.

5 These forms were identified by Dr. James B. Lackey of the
United States Public Health Service, to whom we wish to express
our appreciation.

* Yoe and Crumpler 1935.

Before using the colorimeter in our experiments
it was necessary to construct the curves for the
conversion of the microammeter readings into the
numbers of cells per cubic centimeter. We counted
the number of cells per cc. of strong cultures and
many of their dilutions using the Sedgwick-Rafter
cell for Nitzschia and Euglena, and the Hellige
haemocytometer for C'hlorella. At least 10 counts
were made for each dilution. Simultaneously
with each count the reading was taken from the
microammeter of the colorimeter. Finally,
enough data were obtained to construct a curve
by means of which the microammeter readings
could be converted into the number of cells per cc.
This method proved very rapid and accurate, ex-
tremely simplifying the work of -determining the
number of micro-organisms in the samples. Since
our studies were largely confined to Chlorella sp.,
a curve used for the conversion of the microam-
meter readings into the numbers of Chlorelle cells
per cc. is given in figure 1.
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F1GURE 1.—Curve for the conversion of the microammeter
readings into the number of Chiorelle cells per cc.
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Because only a few experiments were carried on
with P. triangulatwm no curve was constructed for
this species. In using this form the relative den-
sity of the population of its cultures was deter-
mined with the colorimeter. Cultures, the micro-
ammeter readings of which were above 23, were
considered as light, while those below that mark
were regavded as medium and heavy.

As the success of our studies depended upon the
employment.of proper experimental methods, we
give here a detailed description of the series of ap-
paratus used. We do not claim credit for original-
ity in devising all the apparatus, because several
were made in accordance with well known mechan-
ical principles, or represented modified and im-
proved types of the models employed by other
investigators. In some instances prototypes of

FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

apparatus have been used for many years. For
example, the oyster chamber was first used by Galt-
soff, while use of the apron was suggested by
Moore (1908) and later employed hy Nelson
(1936). We would like to mention, however, that
the series of apparatus, description of which we
give, was used in our laboratory since 1937. Much
of our apparatus, such as the constant-level cham-
ber, which we devised. and the tripping vessel,
which represents considerable. improvement over
the old types was made here and often loaned
to other investigators working on problems, such
as the reaction of oysters to chlorination and the
various aspects of feeding of oysters.

The entire series of the appavatus is shown
diagrammatically in figure 2. A group ot six 15-
gallon aquaria, 4. connected with each other by

N

— 1

N

- Erﬂ‘?) =

Ficure 2.—Diagram of the series of apparatus employed to reecord the rate of water pumping and

shell movements of the oyster.

A—aquarium : B—stirrer: ¢—constant level unit; D—sea water

storage tank; E—overtiow chanmber; F and F,o—flow adjusting valves; G—mixing trough;
H and H,—two compartments of the oyster chamber: I—oyster: J—lever recording shell move-
ments of the oyster; Ji—lever recording movements of the tripping vessel L; K—kymograph:

L—tripping vessel; M—pump; N—basin.
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rubber tubes, was used as the reservoir for food
cultures, By manipulating the clamps, or stop
cocks, the aquaria could be used singly or in
groups. When working with the organisms which
had a tendency to settle on the bottom, the content
of the aquaria was agitated by an electrical stivrer,
B. Culture from the aquaria flowed into the con-
stunt-level unit, ¢, provided with an automatic
float-control valve. This unit, which we devised,
was so constructed that a steady level of liquid was
constantly maintained within it. This device
eliminated any waste of culture material, which
would have occurred if a simple constant head
overflow chamber had been used.

Sea water, pumped into a 5,000-gallon storage
tank, 17, located in the attic of the laboratovy
building, flowed into the overflow chamber, £,
which was provided with an outlet, and thus also
maintained a constant level. A uniforin flow of
culture or sea water, or any combination of the
two , could be obtained by adjusting valves F and
F,. The fluids then entered the first compart-
ment of the mixing trough, &, in which they were
homogenized. We made the mixing trough in ac-
cordance with the principle commonly employed
for the mixing and aeration of water tlowing
through the trough used in hatching salmon or
trout eggs. The trough was divided into compart-
ments by several dams which were so arranged as
to cause the mixture to tflow over the top of the
first dam, then under the next dam, and.again over
the succeeding dam, repeating this process
throughout the entire length of the trough. We
found our trough much more satisfactory than
other types, where stratification of liquids was
often noted. The mixture finally entered the
oyster chamber, H, containing the experimental
oyster, I, the excurvent side of which was covered
with a rubber cone-shaped apron that led the
water pumped by the oyster into the smaller cham-
ber, H,. A silk string glued to the shell of the
oyster, /, was attached to the counter balanced
lever, J, which recorded every movement of the
valve on the kymograph, K.

The water pumped by the oyster into chamber
H,, overflowed through the glass tube standpipe
into the tripping vessel, L, of known capacity.
When the vessel was filled with the water pumped
by the oyster it tripped over, emptying its content,
and at the same time striking a string attached
to the lever, /,, which touched the kymograph, K.

Thus, each tripping was recovded, and because the
capacity of the vessel was known, the quantity of
water pumped by the oyster during certain inter-
vuls could be easily determined.

On rare occasions, when the quantity of culture
was limited and it wus necessary to save the over-
flow from the oyster chamber, I7, an automatic
sump pump, A, placed in a basin, /&, desighed to
catch the overflow, returned the liquid to the cul-
ture regervoir, 4. '

Following is a more detailed description of
sonie of the units that were briefly outlined above :

The constant Tevel unit (€' in fig. 2) is shown in
detail in figure 3. The fluid from the cultuve reser-
voir flows through the intake tube, 4, into the
niain chamber, B, As the level of the liquid in the

| H

Ficure 3.—Constant-level chamber. Description in text..



36 FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

chamber rises, the tloat, (', attached to the hinged
lever, [2, also rises and finally, when a certain level
is reached, pulls the valve seat, £, tightly against
the rubber valve, F, which is then closed and the
flow of liquid stopped. The position of the valve
15 adjustable by moving the intake tube up or
down and by holding it in the desived position by
a clamp, &, which is purt of the base that holds
the whole unit. The liquid is drawn from the
chamber through the outlet tubes, 7, to the mixing
trough (& in fig. 2).

The details of the oyster chamber are shown in
figure 4. The fluid from the mixing trough flows

F1cURE 4.—Oyster chamber. Description in text.

into the oyster chamber, 4. The excess of fluid
not utilized by the oyster leaves the chamber
through the opening, B. The oyster, ¢, lying with
its flat valve uppermost on the concrete base, 1,
has its excurrent side enclosed in a rubber cone or
apron, I, that is tightly attached to the trough, 7,
which leads the water pumped by the oyster into
the overflow chamber, @. A standpipe, H, is ad-
justed in height to a level slightly above that of
level, B, of the oyster chamber. The proper ad-
justment of the height of the standpipe is very

important to prevent a syphoning etfect. from the
vyster chamber to the overflow chamber. The sen-
sitivity of the standpipe must be such that a few
drops of water added to the chamber, @, will im-
mediately start an overflow through the pipe.

In measuring the rate of water flow the correct
results depended upon the principle that the flow
of water between the oyster chamber, 4, and the
overflow chamber, ¢, could take place only
througlh the interior of .the oyster and be caused
only by the pumping activities of the animal.
Therefore, we took every precaution to avoid leak-
age of water from one chamber to-the other by
properly attaching the apron, £, to the trough, F,
and to the oyster. The water-tight connection be-
tween the apron and the trough was easily made by
using a heavy rubber band, which presses the
apron to the sides of the funnel connecting the
two chambers. Attachment of the apron to the
oyster was, however, more complicated and, there-
fore, requires a more detailed description. We
offer the steps of this operation below:

1. The surface of the shell was scrubbed clean.

9. When dry the shell was washed with alcohol,
and again allowed to dry. Care was taken to keep
the alcohol from entering the interior of the oyster.

3. A layer of liquid rubber cement was spread
on the shell along the line where the apron was to
be attached. This line extended around the long
axis of the oyster. i

4. A strip of one-half-inch rubber tape was
pressed firmly against the shell along the line of
the applied rubber cement, except at the points
where the tape made the turns around the hinge
and hill of the oyster. _

5. Cotton plugs were inserted between the bill
of the oystershell and the tape, and between the
hinge and the tape. This arrangement allowed
for freedom of shell movement and yet maintained
a leak-proof joint.

6. When the rubber tape was glied tightly to the
shell a layer of rubber cement was put on its upper
surface. Then a piece of dental-rubber dam, cut
long enough to fit completely around the oyster
with a little overlapping for joining the ends to
form the cone, was glued to the rubber tape. The
rubber cone covered only the excurrent part of the
oyster, while the incurrent side was left free. The
small end of the rubber cone was attached and by a
rubber band wag held tightly to the trough con-
necting the oyster and the overflow chambers.
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Our type of tripping vessel (Z in fig. 2) is shown
. in figure 5. The liquid from the overflow chamber
(G in fig. 4) is led by the standpipe (H in fig. 4)
to flow-into the main receptacle, 4, of the tripping
vessel. As theliquid rises, a float, B, also rises until
the arm, C, clears the notch in the-side of the main
receptacle and the top-heavy vessel trips over spill-
ing out its water content. The vessel is returned
to the normal upright position by the pull of the
counter weight, . As the vessel goes through the
partial revolution which empties it, the silk string,
E, is touched thus making a mark on the kymo-
graph record.
base, &, by two adjusting screws, F.

The sea water overflow chamber is of relatively
simple construction (fig. 6). The water flows in
the chamber, B, through the spigot, 4, and is fed

to the experimental animals through' the outlets,

" D. The excess water overflows through the pipe, C.
We made all the apparatus from sheets of cellu-

FiGuRE 5.—7Tripping vessel, Description in text.
782983—47

0
=

The vessel is suspended over the

Froure 6.—Sea-water .overflow chawber. Description in -
- text.

lose acetate, commonly known as plastocoele. The
shavings of this material dissolved in acetone
served as glue. ,
The kymograph drums usually rotated at the
rate of 11/ inches per hour. When necessary, an
interval timing device was also connected -to the
kymograph. The records obtained provided in-
formation regarding the shell movement of the
oysters and the rate at which the animals pumped
the water. A section of such a record is given in

figure 7.

flen g U e ) AR et e e
SHELL

MOVEMENT

[T

RATE =~ OoF PUMPING

Ficure 7.—Section of kymograph record.

Upper line
shows the shell movements of the oyster, and the lower
indicates the rate of pumping. Each vertical line of the
lower record designates the emptying of the tripping -
vessel of 239 ce. capacity.
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EXPERIMENTS AND OBSERVATIONS
PRELIMINARY EXPERIMENTS

At the beginning of this work it was our opinion
that oysters kept under favorable conditions would
“fatten” if given large quantities of food. Aec-
cordingly, we placed oysters in large, outdoor,
tide-filled tanks to whieh rich, mixed enltuves of
micro-organisms were added. Regardless of such
presumably favorable conditions, the oysters
failed to show improvement and usually became
poorer than the control animal kept in the tank
with ordinary sea water. Sometimes, when very
large quantities of food organisms were added to
the water, the oysters became sick and many died.
Examination showed that the stomachs of the
oysters that were still alive were empty and that
the crystalline style was absent.

At first we could not suggest the direct cause
of the poor condition of the oysters but, as our
studies progressed, we began to suspect that large
quantities of micro-organisms in the water were in-
terfering with the normal feeding behavior of the
mollusks. To verify this suspicion we made a
preliminary series of experiments to determine the
effect of micro-organisms of various types and in
different concentrations upon the oysters.

In all our experiments we kept the salinity and
temperature of the cultures equal to or closely
approaching those of sea water. In some cases
it was also found necessary to control the pH of
the cultures. This was easily accomplished by
regulating the intensity of the light striking the
glass walls of the aquaria containing the cultures.

By placing the culture in direct sunlight its pH

would be quickly increased, whereas by shading
‘the aquaria the pH could be reduced. As a rule,
however, the pH of the cultures ranged from 7.8
to 8.2, thus closely resembling that of the sea water
used in the experiments.

In the first, rather exploratory series of e\'peri-
ments, we u{posul the oysters for periods mngmg
fmm "0 to 52 hours to a constant flow of sea;water
‘contmnmo Chlorella cells in different conceintra-
tions. Before that, however, we kept the oysters
for at least 12 hours in running sea water to obtain
a record of their activities under normal condi-
tions. The change from ordinary sea water to that
containing the cultures was always accomplished
by simultaneously shutting off the flow of one and
turning on the other. Thus the change was ac-

complished without disturbing the experimental
oysters.
The numbers of the ('Alorella to which the oys-

ters were subjected ranged from abont 134 to 514

million cells per cc. of sea water. We noticed that

.in the concentrations of approximately 2.0 million

cells per ce. and heavier the oysters became af-
fected (fig. 8). The rate of pumping, i. e., feeding

SER WHTLDH

KFicure 8.—Changes in shell movements and in the rate
of pumping of the oyster when ordinary sea water was
substituted with that containing 'approximately 5 mil-
lion Chlorella cells per ¢e. Each vertical line of the
lower record represents 244°ce. of witer pumped by the
oyster,

n'mrkedly decreased, as compared with the rate of
pumping of the same oysters hefore they were
exposed to Chlorella.

69 to 90 percent in concentrations of about 514
million cells per cc., and in somewhat lighter con-
centrations, between 2 and 3 million cells per cc.,
t ranged from 19 to 56 percent.

The kymograph records of the shell movements
of the oysters showed that exposure to a concen-
tration of 514 million cells of C'Alorella per ce. did
not decrease the time the oysters kept their shells
open. They indicated, nevertheless, that the type
of shell movement during the exposure noticeably
differed from that observed while the oysters were
kept in running sea water (fig. 8).

During the periods when the oysters exposed
to the concentrations of Chlorella showed a de-
crease in the rate of flow and a change in the type

- of shell movement, the control oysters kept in

running sea water hmchoned normally.

After observmﬂ that. the strong concentrations
of Chlorella depressed the feedmlr activities of the
oysters and changed the cha.r:u,ter of their shell
movements we decided to determine whether com-

This decrease varied from -
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paratively light concentrations would have the
same effect. We subjected 10 oysters first to a
flow of sea water and then to a weak culture of
Chlorella of approximately 500,000 cells per cec.
We found that in about half the cases the rate of
. pumping somewhat increased when the oysters
‘were kept in weak Chlorella culture, but in the
others a slight decrease was seen. Some oysters
showed no appreciable change in the rate of pump-
ing when sea water was substituted with a weak
Chlorellu culture (fig. 9). The change from one
condition to another did not change the‘type of

SEA WATER

ERERRHUHITIY

F1reure 9.—Kymograph record showing that no appreciable
change in the shell movements and the rate of pumping

of the oyster occurred when the flow of sea water was .

substituted with that of weak Chlorella of 500,000 cells
per cc. Each vertical line of the lower record repre-
sents the emptying of the tripping vessel of 265 cc.
capacity.

the shell movements of the oysters. The behavior
of the control oysters was not basically different
from that of the experimental ones. Therefore,
we concluded that light concentrations of C'hlor-
ella, such as 500,000 cells per cc., did not affect
the oysters unfavorably.

Practically the saine results were obtained when
the oysters were exposed to light concentrations of
Nitaschia of 20 to 30 thousand cells per ce., and to
Prorocentrum triangulatum.

‘EXPOSURE OF OYSTERS TO. INCREASING

AND DECREASING CONCENTRATIONS OF
MICRO-ORGANISMS

In the next series of experiments we subjected
the oysters to gradually increasing concentrations
of Chlorella. As usual, to obtain a record of the
normal behavior of the oysters they were first
exposed to a flow of sea water. The average quan-
tity of water pumped hourly by each oyster during
that period was found and accepted as normal, or
100 percent. Any deviations in the rate of pump-
ing in subsequent exposures were estimated in re-
Iation to that figure. After the exposuré to sea
water the oysters were subjected for hourly peri-
ods to increasing concentrations of ('%lorella rang-
ing from approximately 2 to 13 million cells per
cc. (fig. 10). The different concentrations were
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Ficure 10.—Histogram showing rate of pumping (percentage) of eight oysters exposed to increasing concentra-
tions of Chlorella. Rate of pumping in sea water (SW) at the beginning of the experiment was taken

as 100 percent.
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made by diluting the original heavy culture with
the needed quantities of sea water.,

Upon the change from orchnary sea water to
that containing about 2 million cells of Chlorella
per cc. the rate of pumping of the oysters sharply
declined. Some oysters, as oyster No. 25, ceased
to pump entirely, although the shells remained
open (table 1) and moving (fig. 10). In other
oysters the rate of pumping was reduced from 52
to 76 percent of the original rate.

Subsequent increases in the density of the Chlo-
rella resulted in further decreases in the rate of
pumping. In general, the decrease became more
pronounced as the concentration of the cells in-
creased. In the heaviest concentration, which was
approximately 13 million cells per cc., several
oysters, although open, did not pump any water.
In other oysters the rate of pumping was only
from 8 to 21 percent of that recorded in sea water,
hefore the oysters were subjected to water contain-
ing Chlorella.

TaBLE 1.—Percentage of time oysters remained open when
subjected to increaging concentrations of Chlorella

Percentage of time open
. Temper-
Number of cells per ce. at,tge Oyster number
16 26 27 28

- 22,0 100 100 100 100
1,900,000._ 21.4 100 100 100 100
4,125,000 21.2 100 100 100 100
7,000,000_- 21.2 100 100 100 100
8,000,000 _____._ ... 21.0 100 100 100 100
9,875,000 20.0 100 100 100 100
12,750,000..... 20.0 100 39 75 75
Sea water. . 20.5 100 |- 100 100 100

Oyster number

24 5 25 13

22,0 100 100 100 100
22.0 100 100 92 100
21.8 100 100 100
22.0 100 73 17 58

21.8 100 0 75
" 21.6 100 1] 0 100

13,125,000 . . .o 21.0 77 15 0
Seawater. . __..._.__.._.... 21.3 100 100 100 100

When at the end of the exposure to Chlorella
the oysters were again in sea water their rate of
pumping usually showed a marked increase (figs.
10 and 11). Often they pumped more vigorously
than during the period at the beginning of the
experiment when their normal rate of pumping

- was ascertained. Such intensive pumping sug-
gested that the oysters tried to cleanse themselves
of the cells which accumulated in the gills and

R VU W [N N

2EA WATER

Ficure 11.—Section of the kymograph record showing the
resumption of rapid pumping by the oyster when heavy
Chlorella culture of approximately 13 million cells per
ce. of sen water was substituted. Note that while in
the Chlorelia culture the shells of the oyster were mov-
ing although no water was being pumped. BEach ver-
tical line of the lower record represents 246 cc. of water
pumped by the oyster.

mantle chamber., The cleansing action, as shown
by very fast pumping, became evident almost im-

‘mediately after the oysters were returned to sea
. water, but reached its maximum intensity some-

what later.

Exposing the oysters to increasing concentra-
tions of C'hlorella did not immediately change the
percentage of time the shells remained open (table
1). However, as the concentrations were in-
creased, the shells of several oysters were closed
for some time, and in the heaviest concentration
the time the shells remained open was reduced in
almost every case. Nevertheless, no definite corre-
lation was found between the increase in the num-
ber of Chlorella cells and the time the oyster shells
remained open.

In the next series of experiments the process of
exposure of the oysters to different concentrations
of C'hlorella was reversed. The oysters, after hav-
ing been kept in sea water for several hours, were
subjected to  decreasing concentrations of the
strength indicated in figure 12 and table 2. They
were kept in each concentration for a period of
1 hour.

The first concentration, used immediately after
the sea water, was very heavy, containing approxi-
mately 16 million cells per cc. (fig. 12 and table 2).
The contact of the oysters with such a heavy cell
population always resulted in a rapid and marked
decrease in the rate of pumping. Some oysters
ceased pumping entirely, as if they were unable
to cope with the mass of cells present in the sur-
rounding water (fig. 13). Apparently the initial
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Figure 12.—Histogram showing rate of pumping (percentage) of eight oysters exposed to decreasing concentra-
tions of Chiorelle. Rate of pumping in sea water (SW) at the beginning of the experiment was taken

as 100 percent.

shock received by the oysters had o lasting effect,
because many of them kept their shells closed, or
were open but not pumping any water for several
hours, although, meanwhile, the concentrations of
Chlorella were gradually reduced (fig. 12). )
Some oysters, the pumping activities of which
were stopped by the initial strong concentration,
later showed an increase in the rate of pumping,
which roughly corresponded to the decrease in the
number of C'hlorelle cells (fig. 12, oysters Nos. 4,
8, and 9). The increase was especially noticeable
in the weakest concentration tried, which was ap-
proximately 3 million cells per ce. However, the

FrsUurg 13.—Section of the kymograph record showing ces-
sation of pumping and the change in the type of shell
movements of the oyster when sea water was substituted
at 12:30 p. m. with a flow of Chlorella culture contain-
ing approximately 16 wmillion cells per cc. Bach short

) vertical line of the lower record represents 259 ce. of
water pumped by the oyster. '

(uantities of water pumped during that period
were much smaller than those recorded at the
beginning of the experiment when the oysters were
kept in sea water. ,
Following the weakest concentration of Chlo-

- rella, sea water was again flowed into the chambers

TABLE 2.—Pcrcentaye of time oysters remeined open when
subjceted lo decreasing concentrations of Chlorella

Percentage of time open

Temper-

Number of cells per ce. Oyster number

atire ® C.
3 4 5 8
Seawaler. .o ___..__ 22,9 100 100 100 100
16,500,000 _ . - 207 100 100 67 100
13,375,000 2.2 75 100 -0 17
11,250,000 0.9 0 1) 33 ™
0,125,000 _. 3 [ 100 0 100
G.500,000_. .. - 0 100 0 100
3,000,000 0 100 0 1%
Seawater. ... ooo 100 1 100 42

Oyster number

4 12 14 19
Sea water. . 21,2 100 02 83 75
17,500,000 18.8 0 70 0 0
15,000,000 18.7 0 8 0 13
11,500,000 19.7 9 0 0 100
9,375,000... 20. 4 100 42 67 100
6,875,000___. .- 20.9 100 100 60 100
3,500,000 e e 100 100 w7 100
Sea water_ .- oo 21.9 100 100 50 100
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containing the vysters. As soon as the water re-
placed the culture, the cysters rvesumed a rapid
rate of pumping. However, in the majority of
oysters the rate of pumping, although rather rapid,
did not equal or exceed that recorded in sea water
at the beginning of the experiment (fig. 12). We
ascribed this to a prolonged exposure to dense
concentrations of C'2lorelle which probably tem-

. porarily affected the pumping mechanism of the
oysters.

Our observations on the shell movements of
oysters in these experiments, as well as in many
other studies of a similar nature whichh we will
describe later in this article, showed two facts of
considerable significance. First, we noted that
sometimes the shells vemained open for long
periods, often lasting several hours (table 2),
although the oysters did not pump any water
(fig. 13). These observations showed conclusively
that, although the shells of the oysters may be
open, this fact cannot be always interpreted that
the oysters are actively feeding. Hopkins (1933)
working with Ostrea gigas was the first to observe
that sometimes, when the shells of the oysters are
wide open, no flow of water is produced. He found
that in most of such instances the entrance to the
branchial cavity is completely closed by the borders
of the mantle. Under such a condition the animals
are incapable of pumping water and, therefore,
feeding. _

Our second observation concerned the change
in character of the shell movements of the oysters
after sea water was substituted with Chlorellq.
We noted that the shell movements usually became
of greater amplitude and of a type different than
that observed in the same individuals under nor-
mal conditions (fig. 13). Our numerous records
showed that this type of shell movement was al-
ways made when the oysters were kept in heavily
Iaden water and were ejecting large quantities of
pseudo feces at frequent intervals. Incidentally,
this type of shell movement c¢losely resembles that.
shown by Nelson (1921) in his figure 3, which he
interprets as the type indicating active feeding of
oysters. Actually, as is seen on the kymograph
record shown in our figure 13, the rate of feeding
of oysters may be markedly reduced or even en-

tirely stopped when the shell movements are of

this type.
Experiments in which we used Nitzschia clos-
terium fully substantiated and corroborated all

general conclusions formed during the studies of
effects of ('Zlorella upon the rate of pumpirng and
character of the shell movements of oysters. We
found that the concentrations of Nitzschia of less
than 70 to S0 thousand cells per ce. usually did not
adversely affect the activities of the oysters (fig.
14). Heavier concentrations, however, not only
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FIGURE 14.—Section of the kymograph record showing
that a light concentration of Nitrschia of approximately
30,000 cells per ce. did not depress the pumping rate
of the oyster. In this case the rate of pumping in
Nitzschie was somewhat greater than in sea water.
Each vertical line of the lower record represents 246 ce.
of water pumped by the oyster.

reduced the rate of flow but also affected the char-
acter of the shell movements (fig. 15). Data of the
same nature were obtained when Prorocentrum
cultures were used (fig. 16).

EXPERIMENTS WITH EUGLENA VIRIDIS

We devoted the next series of experiments to
studies of the behavior of oysters in different con-

. ~‘,,_LAJ._~)»,_JgrLRL,wMHA\"—'J<w<h e
SEA WATER NITZSCHIA
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F1eurg 15.—8ection of the kymograph record sho\ving a
very prominent reduction in the rate of pumping, and
a change in the type of shell movements of the oyster
subjected to a heavy concentration of Nitzschia of ap-
proximately 200.000 cells per ce. Each vertical line of
the lower record represents 310 cc. of water pumped by
the oyster. :
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Fisuke 16.—Section of the kymograph record showing a
very prominent reduction in the rate of pumping, and
a1 change in the type of shell movement of the oysier
'sul)je(-ted to a heavy concentration of Prorocentrum.
Bach vertical line of the lower record represents 267 cc.
of water pumped hy the oyster.

centrations of Euglena viridis, a form which is
of a considerably larger size than any of the three
microorganisms tried before. Ewglena was easily
cultivated but in working with it certain precau-
tions were necessary to maintain the cells uni-
formly distributed in the water. Because of their
1'elatwelv large size the euglenoids did not easily
remain in suspension, as was the case with '%lo-
rella, Provocentrum, and Nitzschia, but quickly
settled on the bottom. Also, they were negatively
phototropic, showing a constunt tendency to move
away from the side of the aquarium receiving the
most light. We easily overcame these diffienlties
by a strong agitation of the aquarium content
and by 1ewulahon of the light.

The organism was identified for us by Dr
James B. Ld.d\ey, chief biologist of the Umted
States Public Health Service who in his letter to
the senior author said: “This I would call an ab-
solutely typical Euwglena viridis. However, this
species has never been reported, to the best of my
knowledge, from salt water and judging from
other organisms in your sample it was evidently
salt water which you sent me. If you have accli-
mated this species it is an interesting biological
accomplishment.” In our work this species was
easily cultivated in the outdoor tanks placed under
a roof and in the laboratory aquaria kept away
from divect sunlight. The salinity of the water
in which the cultures were raised was usually
about 27 parts per thousand. However, in some
aquaria Euglena lived well even when the salinity
was 32 parts per thousand.

As in the previous experiments, our first obser-
vations consisted in determining the effects of very
light. concentrations of the cells upon the oysters.
The first concentrations tried contained only about
1 or 2 thousand Euglena per cc. of water. These

concentrations did not disturb the oysters. In
several instances the rate of pumping even showed
a considerable increase. The type of the shell
movenients remained the same as that recorded
hefore the flow of sea water was substituted with
a weak concentration of Euglena.

Somewhat stronger concentrations, ranging
from 8 to 5 thousand cells per ce., began to affect
the oysters (fig. 17). Usually, as soon as the
oysters came in contact with these concentrations,
the pumping decreased and the type of shell move-
ments changed. The change was often accom:
panied by the formation of large quantities of
pseudo feces. However, some cases were also re-
corded where the animals exposed to such concen-
trations remained apparently undisturbed or
even pumped larger quantities of water.

In heavier concentrations, containing approx-
imately 8,000 or more cells of Euglena per cc. of
water, the oysters were obviously under unfavor-
able conditions because the rate of pumping was

" sharply reduced and the type of shell movements

changed (fig. 18). Many oysters kept their shells
open and moving, but did not pump water. We
also noted that after being changed from a heavy
culture of Euglena to sea water the oysters beg.m
to pump water very rapidly as if to cleanse their
gills (fig. 19). Tt may be recalled that we made
similar observations when forms other than
Euglena were used. '

To demonstrate the rapid changes in the rate of
pumping and in the type of shell movements shown
of the oysters when they are changed from sea
water to Euglena culture, and vice versa, we made
a supplementary series of experiments. It con-
sisted in subjecting oysters intermittently for
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FIcukE 17—Section of the kymograph record showing a
reduction in the rate of pumping, and a change in the
type of shell movements of the oyster subjected to a
Euglena concentration of approximately 5,000 cells per

. ce. Each vertical line of the lower record represents
265 cc. of water pumped by the oyster.
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Fieune 1S.—Section of the kymograph record showing a
drastie reduction in the rate of pumping, and a change
in the shell movements of the oyster subjected to a
culture of Euglenq of approximately 12,000 cells per ce.
Hach vertical line of the lower record 1ep1eseuts 267 cc.

. of water pumped by the ovstel

’
periods of 2 hours to a flow of sea water and to
Euglena culture. Four experiments, each employ-

ing four oysters, were made. In the first one 3,300

cells of Euglena per ce. of sea water were used and
in the following ones we employed concentrations
of 8,000, 11,300, and 25,000 cells per cc. Care was
taken to keep the temperature, salinity, and hydro-
gen-ion concentration of the ordinary sea water
and of that containing Euglena alike, or nearly
alike. For the entire series the temperature was
about 21.0° C. and the salinity, approximately 27.0
parts per thousand. The pH of both the sea water
and the culture varied between 7.8 and 8.2

Even while the lightest concentratlon was tried
the difference in the behavior of the oysters in sea
water and in Euglena culture cells wis noted al-
though it was not always sharply defined. In the
stronger concentrations of 8,000 and 11,300 cells
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FIGURE 19.—Rection of the kymograph record showing the
changes in-the rate of pumping and shell movements of
the oyster after a flow of strong Euglena culture of
approxinmtely" 12,000 cells per cc, was substituted with
sea water. Each short vertical line of the lower record
represents 265 ce. of water pumped by the oyster,

per cc. the difference hecame clear. TUsually, the
rate of pumping decreased upon the change from
sen water to E’u(/?efnu, and increased when the
oysters were again exposed to sea water. Some-
times, during the periods when the oysters were
exposed to Euglena, pumping was entirely discon-
tinued, although the shells of the experimental
animals remained open and moved, vigorously ex-
pelling a large mass of pseudo feces.

The strongest concentration of Ewglena which
we used in this series of experiments contained
25,000 cells per ce. (fig. 20). Always, when the
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Fiaunre 20.—Diagram showing percentage rate of pumping
of four oysters subjected intermittently for periods of 2
hours to sea water (SW) and to Buglena culture (B)
containing approximately 25,000 cells per ce. Rate of
pulmping in sea water prior to the first exposure to
Euglenn was taken as 100 percent.

oysters were open, the change from sea water to
Euglena eulture resulted in a decrease in the rate
of pumping. Oyster No. 2 closed after the flow
of the culture was substituted for sea water and
remained closed for 6 hours. Three other oysters,
however, had their shells open. While exposed
to Buglena, oyster No. 14 was wide open and moved
its shells vigorously, although pumping ceased.
Usually the change from Ewglena culture to sea
water resulted in the resumption of pumping, and
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the rate of flow often exceeded that of the initial
period.

"The final series of observations in which we used
Eugleng viridis consisted in subjecting the oysters
to inereasing concentiations of this form (fig. 21).
Two separate experiments, each with four oysters,
were run. In the first one the oysters, after their

rate of pumping in sea water had beén determined, .

were subjected for hourly periods to various dila-
tions of strong Zuglena culture ranging from 8,600

As the experiments progressed, we noticed that
the oysters became sluggish and their responses to

.stimuli diminished. For example, if tapped with

a glass rod, they would not close their shells as
rapidly as under normal conditions.” Sometimes
the shell would not close at all, as if the tonus of
the adductor muscle had been partially lost. This
condition became more apparent as the experiment
progressed perhaps indicating that the oysters ex-
posed to strong concentrations.of Euglena became
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Fieure 21.—Histogram showing rate of pumping (percentuge) of oysters subjected to increasing concentra-
tiong of Fuglena. . The rate of pumping in sea water (SW) prior to exposure to Fuglena was taken as

100 percent.

to 63,000 cells per cc. In the second experiment.
the number of cells ranged from 12,600 to 94,600
per ce. As a rule, the change from sea water to

Euglena culture always resulted in a considerable

decrease in the rate of pumping. A further in-
crease in the density of the Ewuglena population
showed even greater interference with the pump-
ing activites of the oysters. Some oysters, such as
No. 31, had their shells open, for several hours
while exposed to dense concentrations of Euglena,
but did not pump water. With the exception of
oyster No. 40, which remained closed for several
hours, and oyster No. 38, which closed its shells
while exposéd to concentrations of 54,000 and
94,600 cells per cc., the shells of all the other oysters
were kept open during the entire experiment.

partly paralyzed. Similar observations were
made in the previous experiments where forms
other than Euglena viridis were used. We thought
that these conditions might be due partly to purely
niechanical causes, such as clogging of the gills
with a mass of cells which interfered with the
respiration of the oysters, and partly to the toxic
effects of the metabolites of the culture. We shall
discuss this matter more fully in the latter part of
this article.

After the exposure to increasing concentrations
of Euglena the oysters were again subjected to a
flow of sea water. In all instances they soon re-
sumed pumping, which at first was somewhat slow,
but within a short period, rarely exceeding 30
minutes, became faster and reached a very rapid
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rate usually during the second or third hour after

the oysters had bet,n returned to sea water. The

post-exposure behavior of the oysters vesembled

the cleansing process observed in the earlier ex-

periments where Chlovella, Provocentrum, or
Nitzschia were used.

RETAINING OF THE CELLS BY THE GILLS
OF THE OYSTER

Our experiments offered us the opportunity to
determine the number and percentage of cells re-
tained by the oysters when these mollusks were
feeding in different concentrations of C'hlvrella,
'\'ztcscizu( or Euglena. We accomplished this by
comparing the numbers of the cells present in the

water before and after it passed through the oyster
gills. The method consisted in allowing the oyster
to pump the water until we were certain that the
overflow chamber (¢ in fig. 1) contained a true
sample of the fluid passed through the gills, and
then taking simultaneously two samples, one from
‘the oyster chambei (4 in fig. 4), where a continu-
ous stream of a culture was running, and the
second from the overflow chamber. Each sample
was immediately checked with the Yoe colorimeter
and the number of cells per cc. ascertained by vef-
erence to the curves used for the conversion of the
microammeter readings into the number of micro-
organisms per cc

ln the exper nnents with Chlorella these deter-
minations were made for a large number of oysters
which were kept in concentrations ranging from
200,000 to 12,750,000 cells per ce. (fig. _d). The
majority of the Obb(-.‘-l\ ations, however, were made

L]

90

a0
£ 1
> . .
b4 °
w 60
«© - . L
3

L]
2 . . .
© LN L] P -~
- 4| @ a ° ° *
z .
w
: - . .

30
W L)
bt 0 e .

]
20t %o ¢ v,
. . o * '
L
10 . - C e
] X i ) L I L 2 A al 1 1
] 2, 3 4 s 6 7 [ 9 L] 12

CELLS PER CC IN MILLIONS
Ficure 22.—Percentage of Chlorelle cells removed by the
oysters kept in different concentrations of this form.

with comparatively weak concentrations, because
when strong ones were used the oysters either
ceased pumping, or pumped at such a slow rate
that 1t was often impossible to obtain ]elmble and
large enough samples of water. -

L\Il‘l]ybls of our data showed that the 1»elcentag(,
of (! hlovella cells retained by the gills of the oysters

aried from 0 to 92. In the majority of oysters,
however, less than 50 percent of the cells were re-
tained. It appeared possible that in lighter con-
centrations the gills functioned more efficiently re-
taining a larger percentage of food organisms.
However, thlS relationship was not very clem]y
defined (ﬁb 22).

Similar experiments were performed using Niéfz-
schia closterium and Ewglena viridis. In t-he. ex-
periments with Nitzsch/a we obtained data for
concentrations ranging from 5 to 370 thousand
cells per ce. The percentage of cells retained by
the gills varied from 0 to 85. Usually more than
50 percent passed through the gills. In the experi-
ments with Ewglena the percentage of cells re-
tained varied from 15 to 80. In neither case could
we find a correlation between the number of cells
originally present and those removed.

Incidentally, in our experiments we noticed that
the pH of the water passed through the gills of
the oysters was usually 0.1 or 0.2 lowe1 than that
of the water fed in the chamber containing an ex-
perimental oyster. The slight reduction of the
pH was probably due to the removal of oxygen
and to the addition of carbon dioxide to the water
during its passage through the gills.

PRESENCE OF LIVING CELLS IN FECES OF
OYSTERS

During this work we often noted that the feces
of the oysters were composed almost exclusively
of apparently living plankton organisms. Similar
observations were made earlier on different lamel-
libranchs by other 1nvest-.|gatma. To ascertain
whether or not the plankton cells which passed
through the digestive tract of the oysters under-
went unfavorable physiological changes or suf-
fered certain not easily detectable injuries we con-
ducted the following experiments.

Oysters, the shells of which were cleaned of all
attached material, were kept for 24 hours in sev-

T Blegvad 1914; Allen 1921 ; Churchill and Lewis 1924 ; Yonge
1924,
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eral changes of sea water passed through bacteri-
ological filters. When at the end of the period
their digestive tracts werc empty the oysters were
placed to feed in sea water containing light con-

centrations of (Alorella or Nitzschin. Microscopic

examination of the fecal ribbons which were soon
formed by the oysters showed that they were com-
posed of tightly packed cells of the species which
was fed to them. Comparison of these cells with
those constituting our standard cultures did not
show any difference in color ur structure. Many
cells composing the feces were in the stage of active
division, the condition indicating beyond all doubt
that they were alive and uninjured. _

Further proof of the healthy condition of the
cells of Chlorelle ov Nitzschie, which passed
through the digestive system of the oysters, was
offered by the following experiment: small pieces
of the fecal ribbons were cavefully washed,in five
changes of filtered sca water and then placed in
the culture media, where they were broken apart
by vigorous agitation. Several days later the
media flasks contained rich cultures of ('hlorella
or Nitzschia.,

Thus, we were able to show that living plankton
organisms can pass undamaged through the oyster
gut. Yonge (192G) thought that this is possible
because of the poor development of extracellular
digestion in the oysters, and is especially due to
the complete absence of extracellular protease and
lipase. Petersen and Jensen (1911) and Blegvad
(1914) maintained that the presence of living mi-
cro-organisms in the feces indicates that they arve
not important and perhaps useless as oyster food.
This theory finds support in the work of Coe and
Fox (1944), and Coe (1945) on the biology of the
California mussel, Mytidus californianus. Coe
(1945) thinks that the principal food supply of

_mussels “consists of minute particles of organic
detritus derived from the disintegration- of the
cells of all kinds of marine organisms, both ani-
mals and plants, supplemented by living and dead
unicellular organisms of minute size as well as liv-
ing and dead gametes.”

INHIBITING EFFECT OF THE CELLS AND OF
THE LIQUID PORTION OF THE CULTURES

Our experiments gave sufficient evidence to
prove that large quantities of micro-organisms
present in the surrounding water adversely affect
the oysters. Naturally, the question arose as to

which component of a culture, i. e., the cells or the
liquid, or perhaps the combination of the two, is
cansing the depressing effects. - A review of the
literature shows that numerous cuses are known
where an excessive growth of plankton was respon-
sible for the unbalanced biological conditions
which resulted in the mortality of aquatic ani-
mals. Prescott (1939) in discussing the relation-
ship of phytoplankton to aquatic communities,
stated that certain algae, while alive, liberate sub-
stances toxic to many forms. Decaying algae also
produce large quantities of poisonous substances,
such as hydroxylamine. Pratt (1942) in his ex-
tensive studies on Chlorella vulgaris found that
these organisms manufacture and release in the
surrounding medium a growth-inhibiting sub-
stance. This substance has not been identified as
yet, but. Pratt thinks that it is probably an organic
hase.

The mortality of oysters and other mollusks
caused by the presence in the water of extremely
large numbers of micro-organisms, usually dino-
flagellates, has been observed in many parts of the
world. Whitelegge (1891) reported a heavy mor-
tality of oysters and mussels in Port Jackson, New
South Wales, caused by ¢Henodinium rubrwm.
Nishikawa (1901) reports the destruction of pear]
oysters in Japanese waters caused by Gonyaulax
polygramma. Kofoid (1907) described the case of
mortality of fish and shellfish occurring along the
California coast, between San Pedro and San
Diego, where Gonyavlaw polyhedra was present in
large numbers. Biickmann (1934) reported heavy
injury to the oyster set of Helgoland caused by
large numbers of the" diatom Skeletonema cos-
tatwm.

An interesting review of the literature on the
occurrence of large numbers of dinoflagellates and
their influence upon marine animals, especially
mollusks, was recently offered by Nightingale
(1936), who expressed the opinion that both the
cells of micro-organisms and the products of their
decomposition and metabolism may be fatal to
marine animals. However, he did not arrive at a
final conclusion regarding this matter, but sug-
gested further studies of these problems.

To ascertain the relative importance of the cells
and the flnid part of cultures in affecting the activ-
ities of oysters we carried on several experiments. .
We obtained C'hlorella filtrate by filtering the cul-
ture through Berkefeld filters. To replace the
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oxygen, which might have been lost during filtra-
tion, the fluid was afterwards vigorously aerated.
Other methods employed to separate the cells from
the medium, such as filtering through cotton, or
through the finest grade of filter paper, or using
the Foerst centrifuge, were unsatisfactory. The
cells, owing to their small size, either penetrated
through the filters or could not be separated by
centrifuging.

Chlorella cells (residue) were collected also by
using Berkefeld filters. After a large quantity of
C'hlovella had accumulated on the walls, we placed
the filters in a vessel containing a very small quan-
tity of water, and applied air pressure to drive the
cells from the crevices of the filter. Usually the
cells were used within one or two hours after hav-
ing been filtered off. They were added to sea
water in the quantities necessary to create the same
" concentration as that used at the beginning of the
experiments, when unadulterated culture was
used. _

At first the oysters were placed in running sea
water (fig. 23). Two hours after they opened and
began to pump, & flow of a strong culture of Chlo-
velle, containing approximately 10 million cells
per cc., replaced the water. After another 2-hour
period the flow of ('hlorella was stopped and run-
ning sea water reintroduced. Thus, the effect of
that particular culture of Chorelle upon the
oysters was determined. Upon elapsing of the sec-
ond 2-hour period in sea water the oysters were
subjected to a flow of filtrate of C'hlorella which
was obtained from the same culture, part of which
was used earlier in the experiment. Then the
oysters were again given running sea water for 2
hours, and finally subjected to Chlorelle cells
(residue).

AT LA

SN R

The hehavior of 16 oysters which we used in
these experiments usually followed the pattern
shown on the kymograph record reproduced in
figure 23. It showed conclusively that the filtrate
of the culture containing metabolic products of
Chlorclla cells, and the cells, affected the oysters.
The rate of pumping was sharply rveduced or even
stopped when the oysters were subjected to either
component.

A series of similar experiments in which we
used a culture of Nitzschia closterium containing
approximately 150,000 cells per cc. corroborated
the rvesults obtained with ChAlorella. Each chief
component of the culture, the cells or the filtrate.
caused a reduction of the rate of pumping and
changed the type of the shell movements of the
oysters. Upon return from either one of these
components to sea water the oysters soon showed
a normal behavior.

EXPERIMENTS WITH YEAST

Our observations may be criticized on the as-
sumption that the abnormal behavior of the oysters
was perhaps caused by some of the ingredients of
the media in which the microorganisms used in
the experiments were grown. Such a criticism
can be partly invalidated by pointing out that the
material used for growing the culture contained
no toxic substance. Furthermore, we applied the
strict rule to use only those cultures which had
been prepared long in advance, and where all signs
of decomposition of fertilizing substances were
absent. It was also our practice to aerate the cul-
tures before using them, to be sure that no lack of
oxygen existed and that the obnoxious gases which”
might have been present were driven off. Finally,
we were able to show that even if the fluid part

CHLOMRELLA FILTRATE TEA wWATLR CHUCRILL A

Fi1cure 23.—Ky|nog_rnpli record showing behavior of the oyster in ‘sen water and when subjected for periods of about
2 hours to a strong Chlorelle culture of approximately 10 million cells per ce.. to flltrate of Chlorclle, and to
cells of Chlorelle suspended in sea water. Upper line shows the shell movement and the lower one. the rate of
pumping of the oyster. Each short vertical line of the lower record represents 244 ce. of water pumped by the

oyster,
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of a culture were removed, the cells alone would,
nevertheless, adversely affect the oysters. To sub-
stantiate further the latter conclusion we ran addi-
tional experiments in which cells of yeast instead
of regular plankton micro-organisms were used.
The yeast cells of the regular commercial vaviety
~were about 5 microns in dimmneter thus closely
resembling in size those of Chlovella.

The experiments consisted in keeping the oysters
for a period of about 3 hours in running sea water
and then subjecting them for the same period to
a flow of sea water to which a certain quantity of
yeast had been added. The concentrations of yeast
used were 0.1, 0.2, 0.5, 1.0, and 2.0 grams per liter.
For each co.ncent.mtion records of seven or more
oystel's were taken. The temperature of the con-
trol seg- Water and of the sea water containing the
yeast was near 20.0° C., the pH varied between
7.7 and 8.0, and the salinity was about 27.0 parts
per thousand.

In the weakest concentration, containing 0.1
gram of yeast per liter of sea water, approximately
one-half of the experimental oysters showed an in-
crease in the rate of pumping which ranged from
51 to 240 percent over the original rate (table 3).
The other half, however, showed a decrease rang-
ing from 10 to 54 percent. The character of the
shell movement was not noticeably changed by the
introduction of yeast suspension.

In a concentration of 0.25 gram per liter, how-
ever, the depressing effect bec.une quite evldent
“(fig. 24). Of the 12 oysters used 11 showed a de-
crease in the rate of pumping ranging from 27 to
86 percent (table 3). In all heavier concentrations
the presence of yeast cells in sea water always de-
creased the rate of pumping (table 8). In the con-
centration 0.5 gram of yeast per liter of sea water,
the decrease 1‘m(red from 39 to 96 percent. In the
concentration of 1.0 gram per liter the rate of
pumping showed a deu'e.lse from & to 84 percent.
In two-thirds of the oysters, however, the decrease
was 63, percent or greater. In the strongest con-

- centration, which contained 2.0 grams of yeast per
liter of sea water, the reduction in the rate of
pumping varied fx om 47 to S9 percent of the orig-
inal rate. Therefore, the conclusion that the pres-
ence of a large number of micro-organisms in sea
water compels the oysters to reduce the rate of
pumping has been again confirmed.

In many instances after sea water was sub-

stituted for the yeast suspension the oysters dis- -

Tasre 3.—Effcct of different concentrations of yeast cells
upon the rate of panmping of oysters

Rate of pumping | Percentage
Yenst ¢e. per hour r()_ri_l;xgiﬁ:;ls\c
coneen- R )
Oyster Numbwer tratiun, cir(.aiet (ol‘)
- Bram per | yp guq In veast ]::lll-lllpt;ng
liter water noyeast |y veast,
suspension
0. Lo [+ 1602 +56
0. 1, 685 2 53 +51
0. 7,735 6. 949 —1u
0. 04,928 10, 585 +1145
0. 1, 335 6, 600 +52
0. 2,600 & 120 4212
Q. 2,456 8.342 240
Gl wem| v s
. , 6 3, . 7l
o.1| wse| 44 urh
0. 10, 950 8. 006 —19
. 12, 358 6, 630 —d46
S| Efs| 19 %
L o 44 YL —
.25 10, 349 6,478 —38
L 14, ggg 3, 23131 ]
.2 1, 1,34 )]
.25 17, 593 &, 500 —51
.25 T 3,431 —53
.25 4, 853 2, 530 —13
.25 2,449 2,086 ( - +22
.35 8, 246 6,035 —2
.25 12,502 1,728 —86
Q0.5 10, 956 306 —ui
0.5 11,952 7,272 —3y
0.5 9, 204 4, 758 —48
0.5 18,333 | | 2,750 —85
0.5 13, 197 7,844 —i41
0.5 5, 250 1, 590 .-
0.5 11, 466 3,042 -3
0.5 7,975 2,118 -73
1.0 2,158 2,063 —5
1.0 4,970 1,611 —68
LOQ 10, 179 3. 276 -G8
1.0 §, 591 2,760 —t3
1.0 5,201 1.412 —73
© L0 2,832 1.038 —63
1.0 4,950 797 —84
2.0 8, 653 2,154 —75
2.0 2,451 -5
20 1, 658 —85
2.0 699 —G8
2.0 &S50 —89
2.0 2, 562 —98
2.0 3,822 =71
2.0 1,141 —47

large quantities ¢

played a very rapid rate of pumping (figs. 24 and
25). For example, two oysters pumped for a short
period at the rate of 25,970 cc. per hour, while four -

“others pumped from 20,916 to 22,550 cc. for the

same period. It should be recalled that we noticed -
the rapid rate of pumping in our other experi-
ments when the culture of micro-organisms, such as
C'hlorella, was substituted for sea water. Thus,
we believe that sufficient data have been collected -
to show that this behavior, which may be consid-
ered as cleansing of the gills from the mass of cells
and mucus, is of common occurrence among the
oysters which were exposed to the water containing
f'suspended matter.

The exposing of oysters to a suspension of yeast
of 0.25 gram per liter or heavier was invariably
followed by a change in the type of the shell move-
ments (figs. 24 and 25). Usually the contraction
and relaxation of the adductor muscle becomes
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Flaure 24 —Kymograph record showing effect of 0.25 gram of yeasi per liter of sea water upon the shell movement

(1st and 3d lines) and rate of pumping (2d and 4th lines)

of two oysters.  Each short vertical mark of the

second line designates emptying of the tripping vessel of 250 ce., while each mark on the fourth line shows the

dunping of 237 ce. of water.

more frequent. Nevertheless, in the majority of
cases the shells remained open during the entire
exposure while in the remaining instances the
shells were closed only for very brief periods.
While in the suspensions of yeast the oysters
formed very large quantities of pseudo feces which

were composed almost entirely of yeast cells and

mucus. The true feces, however, were formed in

‘ j ,wm;ﬂﬂum iR

small quantities only. We noted that while the
pseudo feces were white in color, the true feces
were a dark brown. Microscopic examination of
the feces showed that, in contrast to the pseudo
feces, they consisted largely of plankton forms
and detritus. These observations suggested that
oysters exercise a certain degree of selectivity in
their feeding. In some rare cases, however, the

i.hr IR

Fiaure 25 —Kymograph record showing effect of 1.0 gram of yeast per liter of sea waler upon the shell movement

(upper line) and rate of pumping of the oyster (lower line).

the change from yeast suspension to sea water,
witter pumiped by the oyster.

Note the increase In the rate of pmmping after

Each short vertical line of the lower record represents 234 cc. of
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feces were composed mostly of yeast. cells. This
indicated, perhaps, that the ability of food selec-
tivity was not equally possessed by all oysters.
As in the experiments where Chlorella, Nitz-
sehia, or Euglence were used, we made tests to find
the relative quantities of yeast cells removed from
suspension by the oyster gills.” Although we did
hot count the number of yeast cells per ce. of water
before and after it passed through the oyster, we
formed, nevertheless, the quite reliable concelngion,
hy checking the samples with the Yoe colorimeter,
that a relatively very small number of the yeast
cells was retained by the gills, and that the largest

portion passed through them and was expelled on

the cloacal side of the oyster.

In general, this series of experiments showed
that the behavior of the oysters subjected to a How
of sea water containing a large number of yeast
cells strongly resembled that of the oysters ex-
posed to heavy concentrations of plankton organ-
isms, such as Cllorella, Provocentrwn, Nitzschia,
or Euglena.

EFFICIENCY OF FEEDING AND FORMATION
OF TRUE AND PSEUDO FECES

Our observations suggested that the relative
quautities of true feces and rsendo feces formed
by the oysters may indicate the efficiency of their
feeding. To verify this the following experiments
were run. Single oysters were placed in glass jars
each containing 3 liters of Chlorelle culture the
density of w ]uch varied from 18,000,000 to 450,000
cells per ce. The different densities were made by
diluting with sea water the oviginal heavy culture,
containing 18 million cells per ce. - A control oyster
was placed in a jar containing 3 liters of sea water.
The oysters used were of almost uniform size,
shape, and weight. Before being placed in the jars
with. CAhlorella they were kept overnight in filtered
sea water to have their digestive tracts emptled of
the food.

During the experiment, which lasted three days,
the temperature of the water in all the jurs was
the same ranging between 18.0 and 21.0° C., de-
pending upon the room condition. The salinity
in all ‘jars was identical, being 26.55 parts per
thousand. However, the pH of the different jars
showed a difference. In the strongest concentra-
tion of Chlorella it was 8.3, whereas in the weakest
one it ranged between 7.7 and 7.8, being identical

- than that of pseudo feces.

with the pH of the sea water in which the control
oyster was kept.

Our observations on the formation of true and
pseudo feces by the oysters kept in ditferent con-
centrations of Chlorella follow :

Concentration of 18,000,000 cclls per ce.—The
oyster opened its shells within.a few minutes and
soon began to expel large quantities of pseudo
feces, .l.llhuu,gh no true. ’ru(,es were discharged.
After 35 minntes of activity the oyster shut its
shells and remained closed until the end of the
experinent. Apparently the concentration of the
vells in the water was too great to allow the oyster
to function normally. Therefore, after the initial
effort of punping the water, which resulted in the
discharge of a large qu.mtit'y of pseudo feces, thie
oyster stopped pumping and closed its shell. Thu
density of the Chlorclla population in the jar at
the end of the experiment was practically the same
as at the beginning. At the end of the third day
we opened the oyster and found that its stomach
was empty and the crystalline style was absent.

Concentration of 11,000,000 cells per ec—The
oyster opened and began pumping, forming pseudo

feces 3 minutes after having been placed in the
culture. When, after approximately 1 hour, the

density of the culture had been somewhat reduced
by the formation of pseudo feces, the oyster began
to expel a small quantity of true feces. However,
as in the previous concentration, the animal soon
closed its shell, remaining inactive until the end
of the experiment. The quantity of true feces
formed during the active period was much smaller
At the end of the ex-
periment the stomach of the oyster wus empty and
there was no crystalline style.

Concentration. of 5400000 cells per ce—The
oyster began pumping as soon as it was placed in
the jar, ejecting a large quantity of pseudo feces.
After a period of about 45 minutes the concentra-
tion of Chlorelly was reduced to such an extent that
the cells apparently ceased to interfere seriously
with the feeding., As a result, a large quantity of
troe feces was gradually formed and finally the
water was almost completely cleared of miero-
organisms.  We noticed that when the density of
the culture was reduced to approximately 1,200,000
cells per ce., the formation of pseudo feces stopped
almost entn ely, while that of true feces proceeded
uninterruptedly. The stomach of the oyster con-
tained food and the crystalline style was present.
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Exposiu-e to this concentration showed that by

forming pseudo feces the oyster was able to reduce

the number of cells in suspension to approximately
1,500,000 cells per cc. and then proceeded to feed
almost normally. We should emphasize, however,
that the reduction of the number of cells was pos-
sible only becanse the oyster was kept in a small
volume of water. Undoubtedly, if kept in a much
larger vessel containing ('Alorella of the same den-
sity as that existing at the beginning of the experi-
ment, the oyster would be unable to reduce sub-
atantmlly the concentration of micro-organisms
and would finally become inactive. It should also
be.remembered that in addition to the action of
the cells, the fluid part of the culture would even-
tually contribute to the inhibition of the pumping
activities of the oyster. We think, therefore, that
the concentration of approximately 5,000,000
('hlorella cells per cc. should be considered as still
being above the threshold which would permit. the
oyster to function normally

Concentration of 3,600,000 cells per cc—The
observations made on the oyster exposed to this
concentration were almost identical with those of
the preceding one.

Concentration of 2000000 cells per ce—The
results obtained with thi§ concentration closely
resembled those of the two preceding ones with the
exception that, because the number of cells was
smaller the oyster could reduce it below the un-
favorable level within a few minutes, and then
proceed to eject true feces, the quantity of which
greatly exceeded that of pseudo feces. Within a

* few hours the water in the jar was.almost trans- -

parent. -

Concentration of 1,200,000 cells per-ce—The
oyster opened and began to filter water almost as
soon as it was placed in the jar. The amount of
pseudo feces formed was very small. The true
feces, which were rather abundant, were dark
green in color and were composed almost exclu-
sively of C'hlorella.

Concentration of 900,000 cells per cc—The re-
" sults of this experiment were almost the same as
those observed in the previous concentration with
the exception that even less pseudo feces were
formed.

Concentration of 450,000 cells per cc.—The
plankton content of the water was quickly ingested
by the oyster and discharged in the form of true
feces. No pseudo feces were produced. This prob-

SERVICE

ably indicated that the animal was able to feed
very efficiently. :

Condrol—sea water—The vyster placed in sea
water utilized almost the entire content of micro- -
organisms within a very short time. The brown
feces consisted mostly of the organisms commonly
found in sea water. No pseudo feces were formed.

Experiments of the same nature were performed
on two more occasions. New oysters were used but
the concentrations chosen closely approximated
those of the first experiment. The results of all
three experiments were in agreement with the ex-
ception that in the strong concentrations of the
last two experiments some of the oysters remained
open but apparently not pumping because neither
feces nor pseudo feces were formed.

These experiments showed once more that heavy
concentrations of ('Alorella, containing more than
5 million cells per cc., seriously interfere with the
oysters which cease pumping if kept in such a con-
centration for long periods. In intermediate con-
centrations, ranging from approximately 2 to 3
million cells per cec., the oysters may continue to
feed. However, the rate of feeding is low because
the activity of oysters is directed primarily to the
cleansing of their gills, and results-in the forma-
tion of a very large quantity of pseudo feces. If
these conditions persist, the oysters may eventuftlly
become inactive. :

In light concentrations, containing less than 2
million Clorella cells per ce., the oysters feed nor-
mally. Under these conditions the quantity of
true feces ejected is relatively large, while pseudo
feces are either absent or formed in very small
quantities.

On the basis of thése and the previously de-
scribed experiments we may formulate a general
rule, namely, that the quantities of pseudo feces
formed by the oysters are usually roughly propor-
tional to the quantities of plankton and other ma-
terial suspended in the water, whereas a reverse
relationship exists in the formation of true feces.
The latter relationship, naturally, does not include
the condition when the water is devoid, or almost
devoid, of suspended matter.

The presence of large quantities of pseudo feces
also indicates that the feeding of oysters proceeds
under unfavorable conditions caused by heavy
concentrations of material suspended in the water.
Small quantities of pseudo feces, or their absence,
in the presence of large quantities of true feces
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show, on the other hand, that the oysters are feed-
ing efficiently.

The concentrations of cells which began to in-
terfere noticeably with the normal feeding activi-
ties of the oysters aried with the different species,
depending upon the sizé of the micro-organisms.
In general, the larger the size of the micro-organ-
isms, the smaller the number necessary to cre-
ate unfavorable conditions. Obviously, because of
the great variety of plankton forms in sea water,
it is impossible to determine the maximum concen-
tration of each species that could be tolerated by
the oysters. The problem becomes even more diffi-
cult when it is remmembered that in nature it is not a
single species but a combination of many which
usually populates the water where oysters exist..
We think, however, that during these studies we
found a general criterion which we believe may
permit us to determine the lowest concentration of
a single or of a combination of different. plankton
forms which would depress the normal -rate of
pumping of the oysters. This criterion is based
upon the determination by the Yoe colorimeter
(Yoe and Crumpler 1935) of the relative density
of the plankton population in the water. Within
the scope of our experiments we found that regard-
less of the type of species, or of their size, the
oysters began to show signs of abnormal behavior
when, because of the presence of micro-organisms,
the turbidity of the water, as registered on the
microammeter, dropped helow the 23 mark. This
point corresponded to approximately 2,000,000
Chlorella, 70,000 Nitzschia, or 3,000 Euglent per
‘cc. of water. Of course, as should be expected, the
individual variations among the oysters were of
considerable magnitude.

DISCUSSION

It is axiomatic that the physiological hehavior
of an animal depends upon and is controlled by

changes of its environment. In the case of the

oyster, 0. virginica, which lives either in the inter-
tidal zone or in comparatively shallow water af-
fected by the tides, the changes are frequent and
often abrupt. Because of the tidal currents flow-
ing over the beds the quantity and quality of the
miero-organisms change almost continuously. The
seasonal changes in the plankton population di-
versify even greater the variety and concentrations
of the microscopic forms. Thus, as far as the
quantity of food supply is concerned, the oysters

are subjected to an almost continuous change and,
therefore, must be equipped anatomically and
physiologically to cope, within certain hnnts, with -
the change of the condition.

As mentioned earlier, Yonge (1936) expressed
the opmon that oysters evolved from forms which
lived in clear water, but gradually developed a
more efficient cleansing mechanism that enabled
some of the species, such as 0. wirginica and 0.
angulita, to exist in less clear waters. However,
in the opinion of some investigators (Kellogg
1915) this tolerance of the oysters is still very
limited, the animals being able to feed only when
the water contains in .suspension relatively small
quantities of food organisms or other materials.
Grave (1916) and Nelson (1921, 1923) on the con-
trary, maintained that oysters would feed rapidly
in water bearing large quantities of suspended
matter. The results of our experiments indicate

‘that both schools of thought are correct but only
. to a certain extent.

The opinion advaneed by Kellogg is fully sup-
ported by oiw experiments in the respect that
oysters will feed efliciently only if the water con-

- tains small quantities of suspended material. Con-

trary to Kellogg’s opinion, however, we found that
oysters are 11s0 capable of feedmb, at least for
short, periods, in heavily laden water. Under such
conditions, nevertheless, the rate of feeding is de-
pressed. Consequently, the conclusions of Grave-
and Nelson (loe. cit.) .could be considered correct
only if they were qualified with additional state-
ments emphasizing the time element and showing
that the efliciency of feeding of oysters decreases
in water too rich in micro-organisms. Since no
such statements were made by those authors, their
conclusions create tlie impression that it is unim-
portant whether or not the water is clear or
heavily laden.

Nelson’s opinion (1923) that the rvate of water
filtration by oysters is independent of the quantity
of material suspended in the water cannot be cor-
roborated by our studies, which gave ample evi-
dence that, in general, the rate of pumping de-
creases with an increase in the number of micro-
organisms. We think that Nelson’s conclusions
were formed because of the wrong interpretation
of his experimental data. Nelson’s (1921) experi-
ment, as recently pointed out,? was designed.to

8 Loosanoff and Nomejko 1946,
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study only the shell movements of oysters and
nut the rate at which these mollusks were pumping
water. Obviously, because he had no data on the
rate of pumping, which is the criterion of feeding,
no definite conclusions should have been formed
regarding the latter subject. Nevertheless, assum-
ing that the frequent and rapid closing and open-
ing of the shells signified active pumping and
feeding, whereas they actually might have shown
repeated ejection of pseudo feces, the phenomenon
indicating that the efficiency of feeding was re-
duced, Nelson (1921, 1923) concluded that the rate
of filtration of water is independent of the quanti-
ties of material suspended in the water.

Asshown in the earlier part of this article, there
are rather definite concentrations of the miero-
organisms above which the feeding of oysters was
inhibited. In concentrations below this thresh-

- old, the rate of pumping was not reduced, and often
the rate of pumping of the oysters kept in light
concentrations was even greater than when they
were kept in running sea water. In concentrations
above the threshold., however, a reverse correlation
was noticed between the density of micro-organ-
isms and the rate of pumping. In heavy concen-
trations pumping entirely ceased. Under such
unfavorable conditions little or no food was in-
gested by the oysters and the crystalline style was
usually absent. The oysters were forming large
quantities of pseudo feces to cleanse their gills and
palps of the excessive accumulation of food cells.

Upon coming in contact- with the large number
of micro-organisms the type of shell movement of
the oysters changed, showing frequent attempts to
expel the masses of cells and mucus accumulating
on the gills and palps. Under these conditions
the shells often remained open for long periods
although no water was pumped.

In many of our experiments we noticed cessation
of pumping when the oyster shells were open and
the edges of the mantle were widely separated.
Therefore, the decrease in the rate of pumping,
or its complete cessation, could not be attributed
to the fact that the water could not enter the gill
cavity of the oysters because the latter was blocked
by the edges of the mantle. :

The results of our experiments at first appeared
to be rather paradoxical. They showed that the
rate of feeding of oysters decreased when plank-
ton was heavy, while if given only a limited quan-
tity of food, the oysters acted normally. Our con-

clusion contradicted the established opinion that
a rich plankton population was necessary for a
favorable existence of these mollusks. For exam-
ple, Nelson (1921) stated “Any conditions which
result in an increase in the namber of food or-
ganisms in the water will make for fatter aud
better oysters.”™ Naturally, an explanation was
needed to clarify our conclusions. We offer this
explanation by referring to our experiments which
showed that large numbers of micro-organisms in
sea water affect the oysters mechanically, by inter-
fering with the proper functions of the gills and
palps, and alse chemically. The latter apparently
is due to the presence of a certain inhibiting sub-
stance released by micro-organisms in the sur-
rounding water. At present we do not know the
nature of this substance, but we have determined
that it is heat resistant, and that vigorous aevation
for a period of 24 hours does not reduce its toxicity.

The mechanical interference apparently causes
a disturbance of the synchronization of the ciliary
motion and results in a decrease in the flow of wa-
ter through the gills. Detailed studies of these
phenomena, as well as of the chemical effects of
the filtrates of the vavious cultures of micro-organ-
isms upon the mantle gills, palps, and adductor
muscles of the oysters, will be discussed by Loosan-
off in a separate article. It is sufficient to say here
that the gills of the oysters kept in water rich in
plankton became quickly covered with a mass of
food cells which imbedded in the gill mucus. This
interferes with the normal feeding of the oysters
and, probably, with their respiration. In extrene
cases the mass of micro-organisms covering the
gills, undoubtedly, was slowly suffocating the oys-
ters. Miyake, whose report was not available to us
but. whom Nightingale (1936) mentions in his
paper, came to the same conclusions while study-
ing the mortality of the pearl oyster in 1933 in
Gakasho Bays, in Toba. Japan. He found that
losses among pear] oysters, estimated at 15 million
yen, were caused by clogging of the respiratory
organs of the mollusks with a mass of Gymnodin-
am.

In our experiments the oysters exposed to dense
cultures of micro-organisms were trying to keep
their gills and palps clean. This was shown by
the characteristic movements of the shells directed
to expel large quantities of pseudo feces. At the
same time little or no true feces were formed,
which indicated that little or no food was ingested.
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These and the observations mentioned in the pre-
ceding: paragraph provide the explanation as to
why the presence of a rich population of micro-
organisms creates an unfavorable condition for
the existence of oysters.

Our conclusions agree with those of Kellogg
(1915) who found that when relatively large quan-
tities of suspended material were collected by the
gills of the oyster and then brought to the palps
‘l” or most of this matter was lE]beEd and ex-
pelled as pseudo feces. Yonge (1926) also ob-
served that if the gills of an oyster were heavily
covered with a mass of particles, these particlés,

regardless of their individual size, wounld be all

removed before being carried to the mouth.

Our laboratory experiments were to a large ex-
tent corroborated by observations on the condi-
tions existing in nature. For example, it has been
ohserved that the oysters of Great South Bay in
the State of New York have been poor for several
years. During the same period, however, the wa-
ter of the hay was extremely rich in plankton.
Nevertheless, regardless of the presence of large
quantities of food the oysters remained poor.
Joseph B. Glancy, who studied the conditions in
Great South Bay, told us that the oysters usually
hecome poor when micro-organisms are present in
large numbers. Perhaps other undiscovered fac-
tors also contributed to the poor condition of the
oysters of that body of water, but the fact remains
that they were in such a state rega.rdless of the
abundant. food supply.

As an example of the opposite type, we muay
mention Gardiners Bay, Robin Island Sound,
Shelter Island Sound, and other basins of the State
of New York where the water is usually very clear
containing but a small number of micro-organisms.
Yet it is a well known fact to the members of the
industry and to the biologists working in this vi-
cinity that these basins are used fo improve the
condition of the oysters which in those waters ac-
cumulate large quantities of glycogen. Thus, de-
spite comparatively small numbers of micre-
organisms, the oysters of those areas become
“fatter” than those living in water much richer in
plankton, such as Great South Bay.

Perhaps the most interesting and significant
conclusion may be made from a letter received. by
the senior author in April 1946 from P. O. Mercer,
manager of the largest oyster company of Great
South Bay, which states: “It is true that the meats
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of the oysters in Great South Bay have been of
excellent quality during the past year. The water
in the bay has been and is still unusually clear
which indicates that the microscopic organisms
which were in the water during the last several
vears have disappeared.”

In connection with the discussion we would like
to mention that recent plankton studies of Long
Island Sound, carried on by Riley (1941), showed
that plankton was least abundant during October,
November, and the early part of December or, in
other words, during the period when the oysters
in our waters accnmulate large quantities of glyco-
gen. This observation appears to be of consider-
able significance perhaps indicating nature’s pro-
vision to create more favorable conditions for the
oysters during the season when large quantities of
glycogen should be stored in their bodies.

In nature the appearance of masses of micro-
organisms dense enough to kill the oysters in a
short. time is of rather rare occurrence but was,
nevertheless, noticed in a number of cases in
different parts of the world (loc. cit.). The pres-
ence of relatively heavy cnncentr.lhons not dense
enought to kill the oysters within a short time, but
heavy enough to interfere with their normal exist-
ence and to make them poor has also been observed.
For example, during the seusons when the water

. of Great South Bay contained over 3,000,000 cells

of small green algae per ce. the oysters were
usually very poor. We realize, however, that. such
cuges are of unusual nature, and that the numbers
of micro-organisms in the water flowing over the
oyster beds are considerably smaller than those
found in Great South Bay or employed in some
of our experiments. Nevertheless, our studies
showed that the feeding of oysters proceeds
efficiently only when the water is relatively clear.
The appearance of micro-organisms in numbers
exceeding the threshold suggested in this article
unfavorably affects oysters by depressing their
rate of pumping and, therefore, feeding.

Before advancing final conclusions, however,
more research on the subjects discussed in our
paper is necessary. Thus far, our studies have
been confined to oysters of the same general lo-
cality, living under approximately the same con-
ditions. Consequently, it is not known whether
the conclusions which we offer would apply to
oysters of other geographical areas, where en-
vironmental conditions are radically different
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from those of the New York and New England
beds. We also are well aware of the existence of

“claires” at Marennes and other places along the -

French coast where oysters, although of different.
species than ours, ave fattened in the presence of
abundant supplies of diatoms, peridinians, algal
spores, and other micro-organisms. Obviously,
further extensive studies are needed before final
conclusions may be safely and correctly formed.

SUMMARY

1. Experiments performied with Chlorella sp.,
Nitzchia closterium, Provocentrum triangulatum,
Euglena viridis, and a common variety of yeast
have demonstrated that there are rather definite
concentrations of these forms above which the den-
sity of the micro-organisms begins to interfere
with the feeding of the oysters.

2. In heavy concentrations of micro-organisms
the rate of water pumping of the oysters was re-
duced, and the character of the shell movement
noticeably changed. In many instances a corre-
Iation was noticed between the density of the
micro-organisms and the rate of pumping. Pump-
ing entirely ceased in very heavy concentrations.

3. When the cells were too abundant little or no
food was ingested by the oysters and the crystal-
line style was usually absent. The oysters were
forming large quantities of pseudo feces to cleanse
their gills and palps of an excessive accumulation

_of plankton cells.

4. In concentrations below the threshold the
rate of pumping was not reduced and the shell
movements remained normal.
the rate of pumping of the oysters kept in light
concentrations of micro-organisms was even
greater than when kept in sea water.

5. The size of the cell played an importaut part
in affecting the activities of the oysters. A much
greater number of small-sized cells, such as
Chlorella, was needed to produce the same effect as

caused by a smaller number of larger organisms,

such as Euglena.

6. In heavy concentrations of micro- organisms
the shells of the oysters sometimes remained open
for periods of several hours although no water
was pumped.

7. If the oysters were kept in heavy concentra-
tions for prolonged periods, the tonus of the ad-
ductor muscle became impaired or partially lost.

In many instances’
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The oysters became sluggish and their responses’to
stimuli diminished.

8. Both the filtrate of the cultures, containing
metabolic products of the cells, and the cells were
found to affect the oysters. The rate of pumping
was reduced or entirely stopped when the animals
were subjected to strong concentrations of either
component.

9. When, after exposure to heavy concentrations
of micro-organisms the oysters were again sub-
jected to a flow of sea water, their rate of pumping

. usually showed a marked increase. Such intensive

pumping on the part of the animals suggested an
attempt to cleanse themselves of the micro-organ-
isms which had accumulated in the gills and mantle
chamber.

10. The percentage of cells of 071?07'e72a sp- re-
moved by the gills of the oysters during the feed-
ing processes varied from 0 to 92. In the majority
of cases, however, less than 50 percent of the cells
were retainad. In the case of other micro-organ-
isms usually more than 50 percent of the cells
passed through the gills. No correlation was
found between the number of cells originally
present in the water and those retained by the gills.

11. The oysters exercised a certain degree of
selectivity in their feeding. This ability, however,
was not equally demonstrated by all the oysters.

12. It has been observed that living plankton
organisms, such as Chlorelle and Nitzschia, can
pass undamaged through the digestive system of
the oyster. "

13. The quantities of pseudo feces produced by
the oysters were usually roughly proportional to
the quantities of plankton and other materials sus-
pended in the water, whereas a reverse relationship
existed in the formation of true feces.

14. The presence of large quantities of pseudo
feces usually indicated that feeding of oysters pro-
ceeded under unfavorable conditions caused by
heavy concentrations of material suspended in the
water. Small quantities of pseudo feces, or its
absence; in the presence of large quantities of true
feces showed that the oysters were feeding effi-
ciently.
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